Porous flow of buoyant liquid through partially molten rock is regarded as the initial transport process leading to magma segregation in the mantle. Recent work has identified the importance of matrix deformation and compaction in this process. We present finite-difference calculations based on a generalized form of Darcy's law that includes matrix deformation, in two-dimensional Cartesian and cylindrical coordinates. We emphasize the existence of solitary wave solutions, called magmons. These waves are regions of locally high porosity that ascend through regions of low, uniform porosity. They differ from diapirs, where the liquid and matrix ascend together. The one-dimensional waves that were previously reported are found to be unstable in two dimensions, breaking down to form two-dimensional waves of circular cross section. Both the development of the instability and the form of the two-dimensional waves are supported by theoretical analysis. Numerical experiments in which two-dimensional waves collide show that the extent to which they are conserved after collision depends on the lateral offset of the waves. The conservation can be very good; in other cases, larger waves appear to grow at the expense of smaller waves. Although the quantification of the relevant permeability and rheological parameters remains uncertain, geophysically plausible estimates suggest wavelengths of kilometers and velocities of centimeters per year. In our preliminary assessment of the relevance of these results to igneous processes, we find that magmons are unlikely to be important in regions of broad upwelling, such as beneath spreading centers. Here the transport of liquid adjusts to match the supply by melting, and compaction processes are not important. If liquid is supplied from below to a stable partially molten region of the asthenosphere, it is expected to ascend in magmons. This may occur beneath oceanic volcanic centers or in subcontinental mantle. It is possible that magma ascent in magmons leads to spatial and temporal episodicity of volcanic activity, if higher level processes do not obscure this influence. The waveform of a magmon ascends faster than the liquid within the magmon, so new liquid is taken in from above, while original liquid is lost from below. Consequently, magmons can mobilize small degrees of partial melt and deliver it rapidly to the surface.
INTRODUCTION
The initial process in the genesis of igneous rock is the partial melting of some source rock in the earth. The magma must then ascend and segregate from its parent rock by processes that result in emplacement of the magma at or near the earth's surface. Experimental observations of candidate mantle rocks [Waft and Bulau, 1979; Vaughan et al., 1982] show that the liquid can form an interconnected network within the crystalline matrix; the liquid could therefore flow relative to the matrix. This has motivated us to regard buoyancy-driven porous flow as the initial transport process leading to melt segregation. Other transport processes will doubtless take over at later times. For example, transport through the brittle lithosphere probably occurs through cracks [Weertman, 1971; Shaw, 1980; Stevenson, 1983; Spera, 1984; Spence and Turcotte, 1985] . The porous flow process is particularly interesting because the melt is in intimate contact with the matrix through which it is flowing. The geochemical signature acquired by the melt during porous flow may be observable; in particular, it may be distinct from the signatures of higher level processes involving larger conduits or Copyright 1986 by the American Geophysical Union.
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In considering the porous flow process, it is important to note that melting of the parent rock may be occurring at the same time. In different settings, either the melting rate or the transport process may be the rate-limiting factor in magma supply. In the former case, the compaction process is unimportant and Darcy's law is an adequate description of the porous flow. In the latter case, Darcy's law must be modified to include the effect of matrix deformation.
has been provided by McKenzie [ 1984] . Our preferred formulation differs in its general approach from that of McKenzie, although the resulting set of governing equations are essentially the same. We reserve the details of this formulation for Appendix A. The equations that govern the coupled flow of the liquid and the deforming matrix, taken from Appendix A, are Equation ( 
Rheological Description of the Matrix
The novel feature of this physical model is the dynamic deformation of the matrix. It is therefore natural to start by considering the rheological description of the matrix. Take an isotropic and locally uniform element of the matrix, large compared to the grain size but small compared to the scale length of variations in quantities such as the porosity and grain size. The rheological behavior of this element can be divided into two types of flow.
The first is simple shear, with no compaction occurring, described by the constitutive relation:
The shear stress is related to the shear strain rate by a viscosity rl, which will be a function of porosity. Specifically, rl is expected to decrease as the porosity increases. This decrease is partly due to the reduction of material in the matrix framework and partly due to liquidenhanced creep processes.
The second type of flow is pure compaction. The porosity is reduced, and liquid is expelled due to a different state of stress in the matrix and the liquid. Unlike McKenzie, we explicitly relate the compaction to a difference between the pressure in the solid matrix, pS, and that in the liquid, pl, since we believe this clarifies the physics of the process:
pl--pS--•(f)bkk (2)
This defines a bulk viscosity •, relating the rate of compaction to the pressure difference between the two phases. We note that it is different from the bulk viscosity of a single compressible phase, although it is mathematically similar. The flow associated with this viscosity is occurring on the scale of the grain size. This microscopic flow could involve whole grain deformation, grain boundary diffusion, and liquid-enhanced processes around the pore space. The constitutive forms above can be combined in a single constitutive relation:
oo+ptbo--o;• +(pt-p•)bo--(•-2hn)b•bo+2nb o (3)
The constitutive relation is like that used for a compressible fluid, except that the liquid pressure appears as a reference for the pressure in the solid matrix. Compaction should not occur when these are equal.
In Appendix B, we analyze a simple dynamic model of the microscopic compaction of the matrix. This is presented to clarify the physical meaning of • and rl and to provide an understanding of the important role of the pressure difference between the matrix and the liquid. A realistic model of the compaction process would be much more complex, but this simple model illustrates three features that realistic models should share:
1. The pressure difference between the solid and liquid drives the compaction. This is true even if the compaction mechanism involves grain boundary transport or pressure solution.
2. Terms of order f relative to the main terms (such as the third term on the fight-hand side of (A15) above) may exist but cannot be computed with confidence. Different assumptions are found to lead to different terms of this order. Thus different theoretical approaches are only likely to agree in the limit f-*0.
3. The value of • and rl may vary strongly with the porosity f, when f<< 1. For example, the viscosities may vary as f-'•, with exponent m lying betwen 0 and 1. We know of two experimental studies that provide estimates of the rheological parameters rl and •. The first is that of Cooper and Kohlstedt [1984] . The purpose of these experiments was to investigate the importance of liquidenhanced processes in the compaction of an olivine aggregate; the liquid used was a synthetic silicate of basaltic composition. The compaction process differed from that defining • because it occurred through the collapse of void space, not through the expulsion of liquid. However, the results are important because they demonstrate that the rate-limiting process in the compaction is transport along solid-solid grain boundaries, where the liquid is absent. There is a modest increase in the rate of compaction when liquid is present because the diffusion path in the grain boundaries is shortened by the presence of liquid in the pores. The grain size used in these experiments was around 10 gm, so we cannot directly obtain a value of the bulk viscosity applicable to coarse-grained mantle rocks. The second study is that of Auer et al. [1981] , in which they subjected partially molten fine-grained granite to moderate deviatoric stresses, under conditions of much greater hydrostatic stress. They also concluded that the creep rate was limited by solid-state processes, up to a critical value of around 20% liquid. At this point the shear viscosity drops due to loss of structural integrity of the matrix, as proposed by Arzi [1978] . In light of these studies, we propose values for rl and • equal to the likely shear viscosity of crystalline mantle material close to the solidus, perhaps 1019 Pa s, reflecting a small degree of liquid-enhancement.
Permeability of the Matrix
A second material property, the permeability of a partially molten rock, is also unknown. The functional dependence of the permeability k on the porosity f has a major impact on quantitative aspects of porous flow phenomena. To condense various arguments, consider a simple form for the permeability: We feel that there is theoretical and experimental justification for a value of n between 2 and 3 for partially molten rocks of low (<20%) porosity. The Blake-KozenyCarman equation is widely used to model the permeabilities of porous systems. The theoretical basis of this equation, described by Carman [1937] , dictates that the exponent n is determined by the functional dependence of the mean hydraulic radius on porosity. The mean hydraulic radius is the reciprocal of the surface area of the pore space per unit volume; it is therefore an inverse measure of the resistance of the network to flow. This assumption leads to n•2 for a network of randomly oriented tubes of constant cross section and to n--3 for a bed of packed spheres. The value of the multiplicative constant b is less critical. Its value is partly determined by the tortuousity of the network, expressed by the ratio of the distance between two points in the system and the actual distance traveled by the liquid between those points.
As noted by McKenzie [1984] , it is likely that the porous network remains interconnected down to very small porosities, at least for the olivine-basalt systems that have been studied experimentally. This is due to the control of surface energies on the microscopic texture of the partial melt.
We should also address the problem raised by Waft [1980] arising from the control of surface tension on the microscopic texture. In his model, the macroscopic pressure differences due to buoyancy, which we balance with the viscous stresses due to flow, are everywhere balanced by microscopic pressure differences due to surface tension. Consequently, no flow occurs. This is a purely static model and may be unstable when the dynamics of flow are introduced. We cannot state this with confidence at the present due to the difficulties of linking the microscopic and macroscopic scales of the problem. 
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where a=q/(•+4/3q) and subscripts denote partial differentiation. In the absence of x dependence, these reduce to the constant viscosity (rn=0) equations used in our earlier report.
The starting solution which we perturb is that for a onedimensional solitary wave, described by Scott and Stevenson [1984] . The solution has f=q0(y) and W=wo(y), where y=z-ct and c is the phase velocity of the wave. The functions q0 and w0 therefore satisfy -cqo'=wb and Wo=qon[-l+w[], where a prime indicates differentiation with respect to y. The porosity profile q0(y) assumes a constant, low value q00 in the background region away from the wave and has a maximum amplitude q0max. The profile is vertically symmetric about the peak. The velocity profile w0 is related to q0 by w0=-[q0[+c(q0-q00)].
In the numerical modeling we used n=3 (see equation (5) 
QUANTIFICATION
We are confident that the qualitative aspects of our results are robust. For this reason, the speculative assignment of physical dimensions to these results is reserved for this separate section. The importance of magma ascent by porous flow, and particularly in magmons, is of course dependent on such assignments. (At this point we revert to use of the term "magmon" when referring to the solitary wave solutions). We present our preferred values in Table   1 . 
The approximation is good in the large-amplitude limit and provides a lower bound for small amplitudes. The conclusion from these calculations is that magmon half heights of at least 1 km, and magmon velocities of at least 1 cm yr -•, The focus of this discussion is an assessment of the likely importance, in the earth, of magma ascent in magmons. We must first discuss the incorporation of the actual melting into our modeling of magma ascent.
The actual process of melting is not included in the equations we have been modeling. We justify our continuing study of the system without the inclusion of melting as follows. Coupling the melting process into the system has two effects: (1) The addition of an equation for the conservation sphere away from spreading centers, when supplied with liquid from below. In this case, magma is expected to ascend in magmons.
The transition between these two end-members may be quantified as follows. For a magmon to retain its identity, the background liquid fraction j• must change slowly relative to the rate of ascent of the magmon. Expressing as an inequality, we obtain The problem of melting due to steady, adiabatic cess may translate into episodicity in the emplacement of decompression was originally addressed by Turcotte and the magma at or near the earth's surface. The episodic Ahern [1978] and has been reviewed by Ribe [1985] in the ascent could cause either temporal or spatial periodicity in light of recent work on porous flow and compaction. The eraplacement. However, we do not propose that porous conclusion is that in the scenario of a broad mantle upwel-flow delivers magma all the way to the earth's surface. ling beneath a spreading center, compaction is not impor-Therefore it is not clear that the associated periodicity could tant because the rate of magma escape adjusts to match the be detectable after the operation of high-level transport rate of magma production. In this setting, the thermal processes. structure is dominated by the buffering effect of the phase In the caption to Figure 3 , we describe the exchange of change. Heat transfer by conduction is negligible within the liquid between large and small solitary waves during collimelting regime, and heat transfer by movement of the sions. Solitary waves also exchange liquid with the backmagma is tempered because the magma is everywhere in ground region as they ascend. Consider the velocities of the intimate thermal contact with the matrix. To this we waveform and of the liquid at various points. In the backshould add that due to the pervasive nature of the melting, ground region, the liquid ascends uniformly at the Darcy magma ascent in magmons is unlikely to occur beneath flow velocity corresponding to j•. The waveform ascends ridges. To relate petrological and geochemical observables faster than the background (the relative velocity is the quanto processes in the mantle beneath ridges, the approaches of tity c* used by Scott and Stevenson [1984] ). The ascent McKenzie [1985] and O'Hara [1985] are certainly correct. velocity of the liquid is greatest at the peak of the wave but If, in the light of the above, magmons exist anywhere, is still less than that of the waveform. Consequently, the they should have some impact on geological observables. A waveform takes in new liquid from above and loses its orisimple suggestion is that the episodicity of the ascent pro-ginal liquid from below. The rate at which this replacement proceeds depends on the amplitude of the wave; a larger wave will need to traverse more background liquid before it fills up. We note that flow of liquid through the matrix always follows streamlines, which means that mixing between the different liquids does not occur, even within the magmon. This exchange has interesting implications for the chemical characteristics of magma delivered from a magmon. Suppose that a magmon ascends through a region where the liquid in the background is in equilibrium with the matrix. As the original liquid in the magmon is replaced with liquid from the background, this new liquid will remain in equilibrium with the matrix. This is because the equilibrium depends on concentrations; the effect of the passage of a magmon is to change only the volume fraction of liquid by collecting liquid from a vertically extensive region into one place. Conversely, the liquid originally in the magmon is left spread out in the trail of the magmon. This applies to both major and minor elements. The effect is that if the background liquid has a chemical signature corresponding to a small degree of partial melting, the magmon will deliver a large volume of this liquid in a short time. This process is akin to zone refining, which Harris [1957] has proposed to explain the origin of potassic basalts. We prefer to emphasize the more general conclusion that caution is needed in deducing source region sizes and time scales for magma escape, from petrological and geochemical observations.
We have discussed the conditions for survival of magmons, the possible effect on the periodicity of igneous emplacement, and the mechanism by which small degrees of partial melt may be collected and mobilized. In the light of these, we suggest that magma ascent in magmons may occur beneath oceanic volcanic centers or in the subcontinental mantle.
APPENDIX A:
FORMULATION OF THE EQUATIONS GOVERNING COMPACTION
We think of the partially molten system as a spongelike crystalline matrix saturated with liquid. The porosity of the matrix phase and the volume fraction of liquid are therefore synonymous. Both the matrix material and the liquid are assumed to be fully connected. We use averaged values of the variables such as porosity, velocity, and stress. This averaging is performed on a scale much larger than the grain size but much smaller than the scale of compaction processes. We also assume that the Reynolds number is small for the flow of both phases, so that all inertial terms may be neglected. 
This step provides an illustration of the assumptions related to averaging. The local flow associated with compaction is expected to vary on the scale of the grain size. We are using the divergence theorem on a volume element that is small compared to variations in the mean velocity field but large compared to these local fluctuations. It will prove to be convenient to expand (A7) as follows:
Power per unit volume=(
The rate of viscous dissipation in the deforming matrix is given by (A9) where b o is the strain rate. On the left-hand side, we use our understanding of the matrix rheology to divide to viscous dissipation in the matrix into two pans, corresponding to shear and compaction. An underlying assumption is that the cross terms between shear stress and compaction strain, and vice versa, sum to zero when locally averaged. Note that since the stress tensor is symmetric, we will later be able to cancel the right-hand side of (A9) with the first term on the right-hand side of (A8).
The The closed system of governing equations in the variables f and ¾ consists of (A2), (A3), (A12), and (A15). These may be non-dimensionalized using the dimensional scales L and T in Table 1 . These equations were derived in a specific, local frame of reference. In general, there may be relative motion between the barycentric frames defined in different localities. The inclusion of the dynamics of these motions leads to the complete set of governing equations given by McKenzie [1984] . For the calculations presented in this paper, we have assumed that these motions are negligible and have solved the local governing equations in a fixed global frame. This approximation is discussed further 3. Halving the grid size (by interpolating) and the time step changes the wave amplitude by less than 0.5%.
The measured phase velocity also changes slightly. We expect some changes, corresponding to the changes in wave amplitude; the observed changes are comparable to those predicted from the dispersion relation for one-dimensional solitary waves.
Second, we have repeated the calculation shown in Figure  4a , with a halved grid size and time step. The phase shift of the larger wave that arises through the collision with the smaller wave changes by less than 2%. Errors in the phase shift would accumulate through the several hundred time steps performed, so we consider this to be a searching test.
We also note that calculations have been performed using the complete form of equations (A2), (A16a), and (A16b), and using simplified forms with the O(f) terms omitted. The latter were used for direct comparison with the analysis presented in sections 4 and 5 of the text. However, the differences that arise when O(f) terms are included are small. In particular, inclusion of these terms has no effect on the existence or stability of solitary wave solutions.
